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Abstract 
A LiCl liquid absorption dehumidification unit was integrated into a 50 kW experimental platform, which is a 
combined cold, heat and power (CCHP) distributed energy system (DES). The dehumidification process was driven 
by using the engine’s waste heat from jacket-cooling water, a low-grade waste heat source, which carries away 
around one-third of fuel combustion energy. The performance of the dehumidification unit varying with the operating 
conditions of the DES showed that it recovered near 50% of the waste heat from jacket-cooling water, thus increased 
the overall primary energy rate by 5%. This research aimed to develop a practical technology for recovering and 
converting low grade waste heat for dehumidification in hot and humid area during summer or the warmer seasons.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In a distributed energy system (DES) some of the key technology and its cost in recovery and 
utilization of low-grade waste heat, such as the jacket-cooling water of diesel engines, are important 
factors in increasing the energy efficiency of the system. In the northern area of China, the heat and 
power co-generating system would be able to achieve a high primary energy rate (PER), however in the 
southern area, especially during the summer season when the weather becomes scorching hot and humid, 
it is hard to find ways to usefully recover low-grade waste heat. For example, the jacket-cooling water 
temperature of a diesel engine is about 85-93 qC. After heat exchange, the outlet temperature of the 
secondary media (water) is only 75-80 qC. In most cases it is not that valuable as a heat source. 
Dehumidification, however, is  widely required  whether in daily life,  industrial  manufacturing  and   for 
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some preservation facilities. Liquid dehumidification finds its way to cater for these applications by 
utilizing the recovered low-grade waste heat. The advantage is that it does not need to cool the air down 
to its dew point and also has a large processing capacity. The principle of it is to use a salt solution, e.g. 
LiCl solution, in contact with humid air. The former absorbs the humidity from the latter so as to become 
more dilute. Then the solution can be regenerated (or restored) by evapourating the absorbed water using 
the recovered low-grade waste heat. The liquid restoring temperature is within the range of the jacket-
cooling water temperature. This makes it standout of other dehumidification techniques in a DES with 
Nomenclature 
A heat transfer area (m2)
be fuel consumption ratio (g (kW·h)-1)
cp,w heat capacity of water (kJ·kg-1·qC-1)
C refrigerating capacity (kW) 
COP refrigeration coefficient of performance 
d air moisture content (g kg-1 ) 
e air relative humidity (%) 
f fuel consumption (kg·s-1)
PER primary energy rate 
h enthalpy (kJ·kg-1)
Hu low calorific value of fuel (kJ·kg-1)
k heat transfer coefficient (W·m-2·qC-1)
m mass flow rate (kg·s-1)
n rotating speed (rpm) 
P engine output (kW) 
RPESR Relative Primary Energy Saving Ratio   
Q heat (kW) 
T temperature (qC) 
V volumetric flow rate (m3·s-1)
W electric power output (kW) 
'Tm logarithm average temperature difference (ć
ȡ density (kg·m-3)
X LiCl mass fraction in liquid desiccant (the solution) 
H LiCl concentration of the liquid desiccant (%) 
V water evapourating rate in the regenerator (g·s-1)
G absorption rate to moisture in the dehumidifier (g·s-1)
Subscript 
CCHP combined cold, heat and power   
conv ordinary conventional system without liquid dehumidification 
re a system that cold, heat and power are all obtained from grid power 
1 absorption tower for dehumidification 
2 regeneration tower for restoring liquid desiccant 
a air
l liquid desiccant 
w water
in inlet 
out outlet 
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CCHP which are based on the internal combustion engine, though limited energy consumption is required 
for fans and pumps of the system.  
2. Experimental facilities 
2.1. Heat recovery and utilization 
An experimental liquid (LiCl) dehumidification unit was integrated into an existing CCHP distributed 
energy system (DES), which was powered by a Cummins diesel generator. The system also consists of a 
LiBr absorption refrigeration unit, and a shell and tube heat exchanger, as shown in Fig 1.  
x KDGC50S Cummins diesel generator: 4-stroke with turbo, rated power of 50 kW in 1500 rpm speed, 
320 kg, 65mm×582mm×908mm, #4 diesel with calorific value of 46.04×103 kJ·kg-1.
x LiBr absorption refrigeration unit: cooling capacity of 10kW 
x Heat exchanger: for hot water production 
Fig 1. The Lab scale CCHP distributed energy system with a integrated liquid dehumidification unit 
As long as the diesel generator produces electric power at a steady state, it also produces exhaust (gas, 
470 qC) and hot water (jacket-cooling water, 80-90 qC), both at a rate of about one-third of the fuel 
combustion energy. The low-grade waste heat, i.e. the heat from jacket cooling-water of the diesel engine 
in this case, was recovered by shunting part of the jacket-cooling water to feed the dehumidification unit 
as a heat source, the other part of jacket-cooling water is cooled in the built-in heat exchanger with the 
cooling tower outside the building, as shown in Fig 2.  
2.2. Selection of Liquid Desiccant 
The working medium of the dehumidifier is a LiCl solution of 30-36%. The air flow rate is 0-800  
m3·h-1 adjustable, the output air temperature 10a25r5 qC, the relative humidity d50r3%, absolute 
humidity d10g(H2O)·kg-1 (dry air). 
Power user       
5kW Hot water  12 kW Dehumidification 
470 qC Exhaust 
85-95qC Jacke-cooling water 
75 qC Returning water 
Air50 kW Electric power 
LiBr Refrigerator HE for exhaust LiCl Dehumidifier 
Controller Diesel engine 
10 kW Cooing capacity 
270 qC
Exhaust
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Many salt solutions have been investigated to be used as a liquid desiccant, such as triglycol, CaCl2
solution, LiBr or LiCl solution etc. LiCl solution, however, because of its low saturation vapour pressure, 
physical-chemical properties and renewability under 90 qC, is considered to be a suitable liquid desiccant. 
Some of the important physical-chemical properties of LiCl solution used for dehumidifying can be found 
in literatures [9-11]. 
Fig 2. Heat recovery from the jacket-cooling water of the diesel engine  
2.3. Dehumidification process 
In the process of dehumidification, when air is in contact with the liquid desiccant, the fractional 
vapour pressure in the air is greater than that on the air-liquid interface. This drives water molecules in the 
air to diffuse across the air boundary layer from the bulk air towards the interface, where they are 
captured by the liquid desiccant. Then the water molecules diffuse and mix into the bulk solution.  
In the absorption tower, i.e. the dehumidifier, as shown in the right-hand side of Fig 3, liquid desiccant 
is sprinkled from the top down passing through the packed bed, allowing an effective vapour-liquid 
interface. In contrast, the air is introduced into the tower from bottom to top passing through the packed 
bed. Since a lower liquid temperature gives a lower fractional vapour pressure, resulting in a greater 
driving force of mass transfer between the air and liquid desiccant, the liquid desiccant is usually cooled 
down before entering the absorption tower via an adjacent cooler, as shown in the figure.   
2.4. Regeneration of the desiccant 
The liquid desiccant, i.e. LiCl solution, becomes dilute after absorbing moisture. It is then pumped to 
the heater and fed into the regeneration tower to restore its concentration. It is in this section that a 
significant amount of heat is required for evapourating part of water from the dilute LiCl solution. This is 
done by recovering the waste heat from the jacket-cooling water of 85-95 qC to heat the LiCl solution up 
to 75-80 qC, the latter is sprinkled downwards into the regeneration tower passing through the packed bed, 
meanwhile the fresh air is drawn from below upwards, carrying away the moisture, as shown in the left-
hand side of Fig 3.  
On the other hand, as mentioned before, the lower the temperature of the absorption tower, the better 
its efficiency for absorbing moisture. In contrast, the higher the temperature in the regeneration tower, the 
better its efficiency for removing moisture. The liquid desiccant temperature becomes even higher when it 
absorbs moisture, because moisture absorption by liquid desiccant is an exothermic process. To improve 
the efficiency of the unit, an auxiliary heat exchanger was used to recover this heat, as shown in the 
middle of Fig 3. 
T F
T
1
2
2 3
4 5
4 6 7
89
10 Note: 1—Diesel engine, 2—valves, 3—circulating 
pump for withdrawing the jacket-cooling water, 4—
thermometers, 5—flowmeter, 6—heat exchanger for 
heating/regenerating the LiCl solution, 7—LiCl 
dehumidification unit, 8—built-in heat exchanger in 
the diesel engine for cooling the jacket water. 9—
circulating pump of the cooling tower, 10—outdoor 
cooling tower 
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Fig 3. Schematic of the overall dehumidification unit
3. Algorithms of thermodynamic parameters 
The thermodynamic parameters of the dehumidifier can be obtained according to mass and energy 
balance. These algorithms were established for this purpose. Thermodynamically, the engine works on 
the so-called Carnot cycle, but the dehumidifier works on the reverse Carnot cycle. The latter is driven by 
the former when considering the heat is from the engine’s jacket water. To facilitate the calculation, the 
following assumptions are made:  
1) Heat loss to environment can be ignored; 
2) The average temperature difference of the jacket water and the desiccant to be regenerated keeps a 
constant, e.g. 5 qC, according to experimental measurement;  
3) Fluid mass and the LiCl mass fraction in the solution both stay constant.  
The solution mass balance at the inlet and outlet of the dehumidifier can be written as: 
0 ¦¦ outin mm         (1) 
and the balance of the solute (LiCl) mass fraction in solution is  
0)()(  ¦¦ outin mXmX         (2) 
where m is the mass flow rate of solutions. X the mass fraction of LiCl in solutions, and the subscript in
and out represent inlet and outlet of the dehumidifier. 
Energy balance leads to the following equations to be written as: 
0)()(   ¦¦ outin mhmhQ   (3) 
where Q is heat input to the dehumidifier, h the enthalpy of the solutions.  
Heat transfer at the heat exchanger for recovering the jacket water heat: 
mTkAQ '                              (4) 
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where k is heat transfer coefficient˗'Tm the logarithm average temperature difference of the jacket water 
and the liquid desiccant at the inlet and outlet. 
The heat recovered from the jacket-cooling water can be obtained from its temperature drop:  
)(. wowiwpw TTcmQ                             (5) 
Where mw is the mass flow rate of the jacket water, cpw  is its heat capacity ˗Twi and Two, is its inlet and 
outlet temperature at the heat exchanger.  
In the absorption tower, the moisture mass absorbed by liquid desiccant is written as: 
1111 VdD U' '                               (6) 
In the regeneration tower, the water evapourated from the liquid desiccant is: 
2222 VdD U' '                                  (7) 
where 'd is the air moisture content difference between outlet and inlet˗U is the air density˗V is the air 
volume flow rate, and the subscript of 1 and 2 represent the absorption tower and regeneration tower, 
respectively.
The enthalpy of the moist air can be calculated with the formula: 
'005.1 dhTh                             (8) 
where h’ is enthalpy of the moist saturated air. d is the moisture content of air, and T  is the average air
temperature of inlet and outlet at the regenerator, 2/)( 2,2, aoutain TTT  .
4. Results and discussion 
4.1. The dehumidification unit performance 
The jacket-cooling water carries away almost one-third of the fuel energy. Therefore it is significant to 
recover this part of low-grade waste heat to improve the overall energy efficiency of the DES. On the 
other hand, the recoverable heat from the jacket-cooling water varies with the output power of the diesel 
engine, how the quantity and quality (or utility and recoverability) of this energy change with the engine 
output becomes the first thing to be concerned with. In this test, the jacket-cooling water flow rate is 
about 1.1 m3/h, and the returning water temperature 75 qC. Actually the water temperature and flow rate 
vary with engine output, which is automatically regulated by the diesel engine itself according to its 
power output and jacket water temperature to prevent the engine from overheating. A higher power 
output results in higher jacket-cooling water temperature and flow rate. The output water temperature, T
and the recoverable heat, Q versus the engine power output, P is shown in Fig 4. 
As we can see from Fig 4 that when the engine power output is 18 kW, the jacket-cooling water is 89.3 
qC, and the recoverable heat is around about 15.5 kW. When the power output rises to 50 kW, the jacket-
cooling water goes up to 95.9 qC, and the recoverable heat increases to 25.3 kW.   
Fig 5 shows the percentage of heat carried away by jacket-cooling water out of the fuel calorific value. 
It decreases while the engine output increases. For example, when the engine output is 18 kW, the jacket-
cooling takes 29.3% of the fuel energy; but when the output increases to 50 kW, the jacket-cooling water 
takes only 19.2% of fuel energy, indicating that the energy efficiency is in the low when the engine output 
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is lower than the rated power, more energy dissipates into the cooling water and the exhaust. When the 
engine is running at its full capacity or near, the energy efficiency is correspondingly in the best zone.  
As the output of the engine determines the heat quantity and quality (temperature) of the jacket-
cooling water, it therefore directly impacts the performance of the dehumidifier. Its dehumidifying COP 
and capacity strangely depend on the driving heat scours temperature, i.e. the jacket water temperature 
and its flow rate in this experiment.  
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The waste heat of the jacket-cooling water is recovered via a plate heat exchanger in a counter-current 
way, the area of which is 1 m2, to heat up the liquid desiccant to be regenerated, the flow rate of which is 
240L/h. Experimental measurement showed that the solution outlet temperature is about 5 qC lower than 
the jacket water inlet temperature in the heat exchanger. The air flow rate for regenerating the solution is 
60 m3/h. In a varying operating condition, the jacket water temperature increases with the augment of 
engine output, resulting in the liquid desiccant temperature increases as well.  
The performance of the regenerator varying with the engine output is shown in table 1. Fig 6 plots the 
changes of the regenerator output varying with engine output. With the increase of the engine output, the 
solution temperature out of the sprinkler increases, so that it enhances the evapouration capability of the 
regenerator. When the engine output is increased from 18 kW to 50 kW, the temperature of the sprinkle 
solution to be regenerated increases from 84 qC to 91 qC; The regenerator outlet air temperature 
correspondingly increases from 54.03 qC to 58.07 qC, Regenerator outlet air moisture content increases 
from 67.21 g·kg-1 to 74.86 g·kg-1; Regenerator import and export air humidity difference 'dg increases 
from 43.35 g·kg-1 to 52.28 g·kg-1; removal of water from the solution 'mg increases from 0.84 g·kg-1 to 
1.02 g·kg-1; and the concentration of solution increases from 33.3 % to 34 %. 
The dehumidifier (absorption tower) and regenerator is the connected at the bottom to allow them to 
have the same liquid level. After being regenerated, the solution is fed into the absorption tower to 
dehumidify the air. In addition, part of the solution in the absorption tower bottom is pumped to a heat 
exchanger via a three way valve to recover the solution heat, which is generated due to the exothermic 
absorption of the moisture. In fact, the regenerator performance determines the performance of the 
dehumidifier. In this experiment, the liquid desiccant flow rate is kept at a constant of 325 L·h-1. The 
intake air flow of the dehumidifier was measured to be 158 m3·h-1.
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Table 1 Experimental data of the regeneration tower varying with the engine output.  
P˄kW˅ Tl2*(ć) Tout,a2 (ć) dout, 2 (g/kg) 'd2=dout, 2 - din, 2 (g/kg) V˄g/s) H2˄%˅
18 83.93 54.03  67.21  43.35  0.84 33.3 
23 84.30 53.83  67.31  44.47  0.86 33.5 
29 85.73 54.33  69.47  47.40  0.92 33.6 
34 87.30 56.03  70.67  48.39  0.94 33.8 
39 88.83 56.47  72.55  49.44  0.96 33.9 
45 89.67 57.33  72.91  50.61  0.98 34.0 
50 91.27 58.07  74.86  52.28  1.02 34.0 
   Note: * the testing point is under the sprinkle nozzle of the regeneration tower.   
The experiment data of the dehumidifier with varying engine output is shown in table 3. The outlet air 
relative humidity is reduced from 49.49 % to 41.97 % when the engine output power is increased from 18 
kW to 50 kW, although the other parameters changed only a little. For example, the air temperature 
increased from 21.10 to 22.50 qC; the sprinkle temperature of the liquid desiccant increased from 16.73ć
to 17.95ć; the difference of the moisture content of the treated output air before and after 
dehumidification is increased from 13.33 g·kg-1˄dry air˅to 14.82 g·kg-1˄dry air˅, the moisture 
absorption rate of the liquid desiccant increased from 0.69 g·s-1 to 79 g·s-1. Generally speaking, the 
capacity of the dehumidification unit increases with the rising output of the engine, because the jacket 
water temperature and flow rate are both increased.   
The effect of intake air flow rate on the dehumidifier is shown by Table 3 and Fig 7, where the engine 
output is set to be 45 kW, in this state the jacket water fed into the heat exchanger for regenerating the 
liquid desiccant is 94.2 qC with the outlet temperature of 75.9 qC, and flow rate of 1.1 m3·h-1. The 
regenerator parameter is fixed, and the dehumidifier performance varies with its air intake.   
It can be found in Fig 8 that the output air moisture content decreases with the increasing air intake 
flow rate.   
Similarly, the effect of intake air relative humidity on the dehumidifier is shown in Table 4 and Fig 9, 
where the air humidity was adjusted by an ultrasonic humidifier, and the engine output was set to be 45 
kW, intake air flow rate 600 m3·h-1, and the liquid desiccant flow rate 325 L·h-1.
15 20 25 30 35 40 45 50 55
40
45
50
55
3˄ N:˅

P D
˄
J
V˅

G D
˄
J
NJ
˅
0.0
0.5
1.0
1.5
 PD
 GD

15 20 25 30 35 40 45 50 55
13.0
13.5
14.0
14.5
15.0
3˄ N:˅
 PD
 GD

P D
˄
J
V˅

G D

˄
J
NJ
˅
0.5
0.6
0.7
0.8

Fig 6. Evapourating rate of liquid desiccant in 
the regenerator varying with the engine output.
Fig 7. Absorption rate to moisture in the 
dehumidifier varying with the engine output. 
Engine output, P (kW)Engine output, P (kW) 
'd
2
(g
·k
g-
1 )
-'
d 1
(g
·k
g-
1 )
- [
m
ou
t,a
1
-m
in
,a
1]
(g
·s-
1 )
 [m
ou
t,a
2
-m
in
,a
2]
(g
·s-
1 )
1186   Runhua Jiang et al. /  Energy Procedia  75 ( 2015 )  1178 – 1188 
Table 2 Experiment data of the dehumidifier (absorption tower) varying with the engine output 
P˄kW˅ Tin, 1(ć) ein, 1˄%˅ Tl1(ć) 'd1=dout, 1-din, 1˄g·kg-1˅ G˄g·s-1˅ H1˄%˅
18 21.10 49.49 16.73 -13.33 0.69 30.2 
23 21.40 47.14 17.27 -13.65 0.70 30.2 
29 21.90 45.15 17.40 -13.82 0.71 30.2 
34 22.40 43.24 17.63 -13.98 0.72 30.2 
39 22.40 42.35 17.90 -14.48 0.74 30.2 
45 22.50 42.08 17.90 -14.65 0.75 30.1 
50 22.50 41.97 17.95 -14.82 0.76 30.1 
Table 3. The dehumidification performance varying with the air intake flow rate 
Vin, 1˄m3·h-1) din, 1˄g·kg-1) ein, 1˄%) dout, 1˄g·kg-1) 'd1=dout, 1-din, 1˄g·kg-1˅ H2-H1˄%˅
100 18.78  43.95  11.38  -7.40  0.70  
200 18.47  43.95  11.54  -6.93  0.63  
300 18.56  42.83  11.98  -6.58  0.57  
400 18.55  42.75  12.24  -6.31  0.77  
500 18.69  42.73  12.79  -5.90  0.87  
600 18.60  42.79  13.33  -5.27  0.83  
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Table 4 Dehumidification performance varying with relative humidity of intake air 
ein,1˄%˅ din,1˄g·kg-1) eout,1˄%) dout,1˄g·kg-1) 'd1=dout, 1-din, 1˄g·kg-1˅ H2-H1˄%˅
70 18.77 42.99 13.55 -5.22 0.87  
80 18.94 43.11 13.29 -5.65 0.90  
90 18.76 43.37 12.98 -5.78 0.83  
100 19.31 45.08 13.33 -5.98 1.03  
Fig 8. Effect of the intake air flow rate on moisture 
absorption of the dehumidifier. 
Fig 9. Effect of the air relative humidity of on 
moisture absorption the dehumidifier
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4.2. The DES system performance 
In an ordinary internal combustion engine’s CCHP system, the heat of the jacket-cooling water is 
recovered for producing hot water (via heat exchanger) or it is dissipated into atmosphere by a cooling 
tower. When a dehumidification unit is integrated into the system to use this low-grade waste heat, the 
concept of primary energy rate (PER) and Relative Primary Energy Saving Ratio (RPESR) are used for 
analysis. PER is written as: 
uCCHPHf
QCWPER          (9) 
where W is the electric energy output; C the cold output, Q the heat output, fCCHP the fuel consumption of 
the engine, and Hu the fuel’s calorific value.  
When all the cold, heat, dehumidification and (electric) power demand by the user are obtained from 
the grid power separately, it is called a separate production system, and the overall power demand is fre. A 
DES, which cogenerates cold, heat (for dehumidification), and power based on the waste heat recovery, 
the overall power demand is fCCHP. Then the relative energy saving rate is defined as:
re
CCHPre
re f
ff
f
fRPESR  '         (10) 
Fig 10 and Fig 11 shows experimental data of PER and RPESR of the CCHP system with an 
integrated dehumidification unit. One can find that the former is up to 76% and the latter 29.5% in this 
study. This result shows that a CCHP with dehumidification unit may not have a remarkably better PER 
and RPESR compared with an ordinary CCHP system, but it does find a effective way to use low-grade 
waste heat, e.g. jacket-cooling water in this study, especially for tropical/subtropical areas with high 
humidity.   
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Fig 10. Primary energy rate (PER) of the system                     Fig 11. Relative primary energy saving ratio (RPESR) of the system 
5. Conclusion 
Experimental study of a DES with CCHP and varying duty was conducted in this research, in which 
the engine’s waste energy in jacket-cooling water, a low-grade waste heat, was recovered for running a 
liquid dehumidification unit. The comparison and analysis of the thermodynamic performance of an 
ordinary CCHP and a CCHP with dehumidification unit were done. The algorithms of the DES 
thermodynamic parameters were established according to mass and energy balance.  
Engine output, P (kW) Engine output, P (kW) 
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It was found that the heat carried away by the jacket-cooling water decreased from 29.3% to 19.2% out 
of the fuel calorific value when the engine output increased from 18 kW to 50 kW (full capacity). In the 
regeneration tower the temperature difference between the jacket water and the liquid desiccant was 
found relatively stable to be around 5 qC, and the moisture content of the air after being used to 
regenerate the liquid desiccant increased from 67.2 g·kg-1 to 74.9 g·kg-1, and the desiccant dewatering rate 
increased from 0.84 g·s-1 to 1.02 g·s-1, though the concentration of liquid desiccant was increased only 
from 33.3% to 34.0%. Correspondingly, the capacity of the dehumidification tower increased as a result. 
The moisture absorbed by the desiccant increased from 0.69 g·s-1 to 0.76 g·s-1, resulting in the output air 
relative humidity decreased from 49.5% to 42.0%.  
However, when the output of the engine was fixed to be 45 kW and the sprinkle flow rate of the 
desiccant was fixed as well, the output air humidity decreased with the increasing air flow rate, and the 
absorbed moisture increased as the intake air humidity increased.  
Utilization of jacket-cooling water to run a liquid absorption dehumidification unit finds a useful way to 
use the low-grade waste heat, despite of the comparison between an ordinary CCHP and the one with 
dehumidification unit showing that the latter may not have a much better energy efficiency. In this study 
the system primary energy rate (PER) is 76%, and the relative primary energy saving rate (RPESR) is 
29.5%.
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